Introduction
Eph receptor tyrosine kinases have a pivotal role in axon pathfinding during neural development (O'Leary and Wilkinson, 1999; Pasquale, 2005; Egea and Klein, 2007) . These receptors are expressed in growth cones and are activated by glycosylphosphatidylinositol-linked ephrin-A ligands or transmembrane ephrin-B ligands on neighboring cells. EphA receptor signaling after ephrin stimulation typically causes growth cone collapse and neurite retraction in cultured neurons. In vivo, axons with high EphA expression avoid regions with high ephrin expression, which is critical for topographic organization of neuronal connections. In particular, knock-out of the EphA4 receptor results in disrupted midline repulsion, generation of ectopic connections in the spinal cord, and defects in limb motor axon pathfinding (Helmbacher et al., 2000; Kullander et al., 2001 Kullander et al., , 2003 . EphA4 also regulates the structural plasticity of synaptic connections in the mature brain (Murai et al., 2003) . Dendritic spines (the small dendritic protrusions that are postsynaptic to excitatory terminals) are elongated and more numerous in mice lacking EphA4. Furthermore, stimulation of EphA4 in hippocampal slices with soluble ephrin-A ligands causes shortening and loss of spines.
The signaling mechanisms responsible for EphA-dependent morphological effects in neurons and other cell types have not been fully elucidated, but it is becoming increasingly evident that small GTPases of the Rho and Ras families play a critical role (Noren and Pasquale, 2004) . These GTPases regulate cell morphology primarily through reorganization of the actin cytoskeleton and by modulating cell adhesion. They switch between an inactive GDP-bound conformation and an active GTP-bound conformation that allows interaction with downstream effectors. Guanine nucleotide exchange factors promote GTPase activation by accelerating the replacement of GDP with GTP, and several exchange factors for Rho family GTPases have been shown to function downstream of EphA receptors Sahin et al., 2005) . In contrast, GTPase-activating proteins (GAPs) accelerate the hydrolysis of GTP to GDP. ␣2-Chimaerin, a GTPase-activating protein for Rac, and p120RasGAP, a GTPase-activating protein for H-Ras and R-Ras, have been recently implicated in EphA-dependent repulsive responses (Dail et al., 2006; Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007) .
Here we show that EphA4 regulates the Ras family proteins, Rap1 and Rap2, through a novel interaction with spineassociated RapGAP (SPAR) (Pak et al., 2001 ). Ephrin stimulation promotes association of the EphA4 C terminus with the SPAR PDZ domain, and this interaction is important for inactivation of Rap1 and Rap2, two GTPases involved in the regulation of synaptic plasticity and dendritic spine morphology (Pak et al., 2001; Zhu et al., 2002 Zhu et al., , 2005 Xie et al., 2005; Fu et al., 2007b) . Furthermore, we found that inactivation of Rap1 by SPAR is necessary for ephrin-A-dependent growth cone collapse. Interestingly, Rap1 and Rap2 have different effects on neuronal morphology and on ephrin-A-dependent reduction of integrin-mediated adhesion, suggesting that these closely related GTPases have distinct functions in developing neurons. These results provide new insight into EphA signaling mechanisms that control neuronal morphology through regulation of GTPases of the Ras family.
Materials and Methods
DNA constructs. The cDNAs encoding the PDZ domain of mouse SPAR (amino acids 992-1056, GenBank accession AF026504), human FAP1 (Fas-associated phosphatase 1; amino acids 1597-1678 corresponding to PDZ domain 4, GenBank accession D021211), mouse protein interacting with C kinase 1 (PICK1; amino acids 22-105, GenBank accession Z46720), rat prolinerich synapse-associated protein 1/cortactin binding protein 1 (CBP1; amino acids 37-131, GenBank accession AJ131899) and human ERBB2-interacting protein (Erbin; amino acids 1280 -1369, GenBank accession NM_018695) and the cDNAs encoding the C-terminal tails of mouse EphA4 (amino acids 892-986, GenBank accession NM_007938), EphA5 (amino acids 801-876, GenBank accession NM_007937), EphA6 (amino acids 934 -1035, GenBank accession NM_007938), and EphA7 (amino acids 890 -995, GenBank accession BC026153) were obtained by PCR amplification from cDNA libraries using specific primers. The cDNAs were then cloned into the pGEX-4T1 bacterial expression vector (GE Healthcare, Piscataway, NJ), and the constructs were verified by DNA sequencing.
cDNAs encoding full-length chicken EphA4, EphB2, and EphB5 and human EphA2 and EphB4 were cloned into the mammalian expression vector pcDNA3 (Invitrogen, Carlsbad, CA); the chicken EphA3 cDNA was cloned into a noncommercial vector under the control of the CMV promoter. N-terminal myc-tagged constructs of wild-type and mutant rat SPAR were cloned into the pGW1 vector have been described (Pak et al., 2001) . Chicken EphA4 in pcDNA3 was used as a template to amplify EphA4 lacking the C-terminal MVPV sequence (EphA4⌬MVPV) or to generate the kinase-dead EphA4K653R construct. Mouse Rap2A was cloned from an EST clone into pcDNA3 fused to an N-terminal myc tag. The Rap2 S17N and Rap2 Q63E mutants were generated by PCR mutagenesis. Hemagglutinin (HA)-tagged wild-type and mutant human Rap1A (GenBank accession X12533) were purchased from University of Missouri-Rolla cDNA Resource Center (http://www.cdna.org/). The yellow fluorescent protein (YFP)-actin plasmid was purchased from BD Biosciences (San Jose, CA). The N-terminally FLAG-tagged Rap1GAP cDNA (GenBank accession NM_002885) in pcDNA3 has been described by Rubinfeld et al. (1991) .
Antibodies. Rabbit SPAR polyclonal antibodies were generated using an N-terminal SPAR peptide (amino acids 4 -22) for immunization and affinity purification. Affinity-purified EphA4 polyclonal antibodies were either directed against a C-terminal peptide (Soans et al., 1994) or against amino acids 925-986 of chicken EphA4 fused to glutathione S-transferase (GST). Anti-GST antibodies were absorbed on a GST affinity column. Monoclonal EphB2 (1A6H12) and EphA4 (4C8H5) antibodies and polyclonal EphA2 (34-7400), EphA3 (Z30125), EphB4 (35-2900), and EphB5 (Z30134) antibodies were from Zymed/Invitrogen; a monoclonal antibody to Rap2 was from BD Transduction Laboratories; a monoclonal anti-HA antibody was from Covance (Princeton, NJ); a monoclonal anti-␣-tubulin antibody and polyclonal anti-Rap1 and Rap2 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA); monoclonal anti-myc, synaptophysin, and ␤-actin antibodies were from Sigma (St. Louis, MO); polyclonal anti-myc antibodies and monoclonal anti-phosphotyrosine (4G10) and PSD-95 were from Millipore (Billerica, MA).
Transfection of HEK 293T and HT22 cells. Human embryonic kidney (HEK) 293T cells were transiently transfected with Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions. HT22 cells were transfected with Lipofectamine 2000 (Invitrogen) using 12.5 g of DNA and 32.5 l of Lipofectamine complexed for 20 min in 1.5 ml of OptiMEM medium and then diluted in a final volume of 5.5 ml of OptiMEM to transfect a 10 cm plate. Alternatively, to prepare HT22 cells for the adhesion assays 10 g of DNA and 20 l of Lipofectamine were complexed for 20 min in 0.6 ml of OptiMEM and then diluted in a final volume of 2.1 ml of OptiMEM to transfect a 6 cm plate. Cells were incubated with DNA/Lipofectamine complexes for 6 h at 37°C, washed with PBS, and grown for ϳ24 h in DMEM containing 10% FCS.
For SPAR siRNA knock down, pSuper vector (Oligoengine, Seattle, WA) containing the target sequence 5Ј-GAA GTT CAC AGA GTG GGT C-3Ј of mouse SPAR/Sipa1l1 (signal-induced proliferation-associated 1-like 1, nucleotides 5907-5925, GenBank accession number NM_172579) was transfected in HT22 cells. The SPAR siRNA pSuper vector or a control pSuper vector containing a luciferase siRNA target sequence were cotransfected with pcDNA3 encoding HA-tagged human Rap1.
GST pull-down assays. Forty-eight hours after transient transfection, HEK 293T cells were lysed in Brij buffer [1 mM EDTA, 1% Brij in PBS (CellGro), pH 7.4, with 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM NaF, and protease inhibitors (Sigma)]. Lysates were precleared with glutathione Sepharose 4B beads (Pharmacia) for 2 h at 4°C and incubated with glutathione beads loaded with GST-fusion proteins purified from bacterial extracts and blocked with 6% BSA. The beads were washed once with high-salt Brij buffer (1 mM EDTA, 0.25% Brij in PBS with a total of 300 mM NaCl) followed by three washes with 350 mM NaCl and a wash with high-salt Brij buffer before elution by boiling in SDS-PAGE sample buffer.
For pull-down assays of Rap-GTP with GST fused to the Rap-binding domain of RalGDS (GST-RalGDS RBD), fresh hippocampal slices were prepared from P7 mice and stimulated with 10 g/ml ephrin-A1 Fc or control Fc (R & D Systems) for 60 min at room temperature. In cultured cells, the activities of endogenous Rap GTPases or exogenous HA-tagged Rap1 and myc-tagged Rap2 were analyzed after stimulation at 37°C with Figure 1 . The C-terminal sequences of EphA4 and EphA6 bind the PDZ domain of the GTPase-activating protein SPAR. A, The PDZ domains of the indicated proteins, fused to GST, were used for pull-down assays with lysates of EphA4-transfected HEK 293T cells. Bound EphA4 was detected by immunoblotting and the GST-PDZ domain fusion proteins were detected by amido black staining. A lane between the CBP1 and Erbin lanes was digitally removed. B, Lysates from HEK 293T cells transfected with the indicated Eph receptors were used for pull-down assays with the PDZ domain of SPAR, and of FAP1 as a control, fused to GST. Bound Eph receptors were detected by immunoblotting. A lane between the lysate and pull-down lanes was digitally removed. C, The C-terminal tails of the indicated receptors, fused to GST, were used for pull-down assays with lysates of HEK 293T cells transfected with Myc-SPAR. SPAR bound to the GST fusion proteins was detected by immunoblotting with anti-Myc antibodies, and the GST fusion proteins were detected by amido black staining. In EphA4V986R, the C-terminal valine was mutated to arginine to inactivate the PDZ domain-binding motif.
2 g/ml ephrin-A1 Fc or control Fc preclustered by incubation with a 1/10 concentration of goat anti-human IgG antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA). Tissue or cells were lysed in GAP activity buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 1% v/v NP-40, 0.25% w/v Na deoxycholate, 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM NaF, and protease inhibitors (Sigma)]. GSTRalGDS RBD beads were incubated with lysates for 45 min at 4°C and washed with lysis buffer before elution by boiling in SDS-PAGE sample buffer.
Immunoprecipitations. HEK 293T cells were lysed 48 h after transfection in modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 0.25% Nadeoxycholate) containing 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM NaF, and protease inhibitors. Hippocampal slices were lysed in modified RIPA buffer, and supernatants were used after centrifugation for 30 min at 20,000 ϫ g. Lysates were precleared by incubation with GammaBind Sepharose (GE Healthcare) and then incubated for 4 h at 4°C with 2.5 g of polyclonal EphA4 antibodies or control nonimmune IgGs coupled to 20 l of GammaBind Sepharose or with 10 l of antimyc antibodies conjugated to agarose beads (Santa Cruz Biotechnology). EphA4 coimmunoprecipitated with myc-SPAR was detected by immunoblotting with rabbit polyclonal EphA4 antibodies, whereas EphA4 immunoprecipitated with rabbit polyclonal EphA4 antibodies was detected using mouse monoclonal anti-EphA4 antibodies.
Cell attachment assays. HT22 cells were transfected with Rap constructs together with EGFP to identify the transfected cells. Twenty-four hours after transfection, cells were starved for 5 h in DMEM with 1% BSA, detached, and kept in suspension for 40 min at 37°C in DMEM-1% BSA. Cells (7 ϫ 10 4 ) were then allowed to attach to coverslips coated with 10 g/ml fibronectin (Millipore) or 20 g/ml poly-L-lysine (Sigma) for 10 min at 37°C in the presence of 10 g/ml Fc or 10 g/ml ephrin-A3 Fc. Attached cells were fixed in 4% paraformaldehyde and stained with 4Ј,6Ј-diamidino-2-phenylindole (Invitrogen, Carlsbad, CA). Attached green fluorescent (transfected) cells were counted blind, and their number was corrected for transfection efficiency. Seven 10ϫ microscopic fields were counted for each coverslip, and three coverslips per condition were analyzed in each of three experiments, except for the Rap1 G12V-transfected cells plated on poly-L-lysine, for which only two coverslips were used in two of the four experiments.
Synaptosomes. The preparation of synaptosomal fractions was adapted from Rogers and Lemaire (1991) and is described in more detail by Bourgin et al. (2007) .
Neuronal and glial culture, transfection, and electroporation. Primary hippocampal neurons and glial cells were prepared from embryonic day 17 rat embryos and cultured according to Zafra et al. (1990) with minor modifications. For growth cone collapse assays, dissociated primary hippocampal cells were resuspended in DMEM supplemented with 10% FCS without antibiotics and counted. Approximately 4.5-5.5 ϫ 10 6 cells were transfected by electroporation according to the manufacturer's instructions (Amaxa Biosystems, Gaithersburg, MD). Cells were centrifuged and resuspended in 100 l of Nucleofector solution, mixed with a total of 3 g of DNA (1:1 ration of EGFP and Rap1, Rap2, or SPAR DNA) and electroporated using program G-13. Transfected cells were plated at low density (1.5 ϫ 10 4 cells/cm 2 ) on poly-Dlysine-(50 g/ml) and laminin-(2.5 g/ml) coated coverslips and grown for 2 d in Neurobasal medium (Invitrogen) supplemented with B27, L-glutamine, and penicillin/streptomycin. Growth cone collapse was induced by stimulating the neurons for 20 min with 2 g/ml preclustered ephrin-A1 Fc or Fc as a control. The neurons were then fixed and immunostained as described below.
For long-term cultures and immunoblotting, hippocampal cells were resuspended in DMEM and 10% FCS, and glial cells were removed by attachment to uncoated culture plates for 2 h. Neurons were recovered as nonadherent cells, plated at high density (4 ϫ 10 4 cells/cm 2 ) in Neurobasal medium and cultured in the presence of 2 M AraC to avoid glial cell contamination. The hippocampal glial cells were cultured in DMEM, 10% FCS with penicillin/streptomycin and L-glutamine. Neuronal and glial cultures were collected after 14 d in culture for immunoblotting. Neuronal cultures were also collected at different time periods in culture for the time course experiment shown in supplemental Figure 1 (available at www.jneurosci.org as supplemental material). For dendritic spine analysis, transfection of hippocampal neurons was performed after 12 d in culture using the calcium phosphate precipitation method (Ethell et al., 2001) . Nine days after transfection, neurons were fixed and immunostained.
Immunostaining. Dissociated hippocampal neurons in culture were fixed with 4% paraformaldehyde, 4% sucrose in 0.1 M PBS, pH 7.4, blocked with 5% goat serum, 0.1% Triton X-100 in TBS for 1 h at room temperature. For analysis of growth cone collapse, neurons were double labeled with rhodamine-phalloidin (Invitrogen) and antitubulin antibodies (Santa Cruz Biotechnology) followed by goat anti-mouse antibodies conjugated to Alexa 635 (Invitrogen). For immunolocalization of Rap1, Rap2, SPAR, and EphA4, neurons transfected with YFP-actin were incubated sequentially with monoclonal EphA4 antibody (0.5 g/ml, Zymed) overnight at 4°C, goat anti-mouse Alexa 635-conjugated IgG (1/ 300, Invitrogen) for 2 h at room temperature, polyclonal antibodies against Rap1 (1 g/ml, Santa Cruz Biotechnology), Rap2 (1 g/ml, Santa Cruz Biotechnology), or SPAR (0.75 g/ ml) overnight at 4°C and goat anti-rabbit Alexa 594-coupled IgG (1:300, Invitrogen) for 2 h at room temperature. Antibodies were diluted in 5% goat serum, 0.1% Triton X-100 in TBS. Between antibody incubations, coverslips were washed three times with 0.1% Triton X-100 in TBS for 10 min at room temperature.
Measurement of growth cones and dendritic spines. For growth cone analysis, 50 -70 EGFPpositive (transfected) neurons per condition were photographed under a fluorescence microscope in each experiment (two independent experiments were carried out). Images showing actin and tubulin staining were merged, and the growth cones at the tip of the longest process, which typically corresponds to the axon, were analyzed using NIH ImageJ. Only neurons with at least three neurites, and one neurite at least twice as long as the others, were analyzed. Only the growth cone of the longest neurite, the axon, was scored. The area of the growth cones was measured by framing the actin-positive extensions using the freehand modus. Axonal length was determined by measuring the longest process from the soma of the neuron to the distal tip of the growth cone. For growth cone collapse analysis, axon tips with filopodia extensions and visible lamellipodia were considered as noncollapsed. Axon tips without lamellipodia and with Յ3 retraction fibers were counted as collapsed.
For dendritic spine analysis, images of dissociated neurons were acquired using a Bio-Rad 1024 confocal laser scanning microscope. Z-series encompassing the entire dendritic segment were stacked and analyzed using NIH ImageJ. Photographs were taken of three to five neurons per experiment (three independent repeat experiments), and 700 -1000 spines were counted per condition (365 spines for Rap2Q63E-transfected neurons).
Results
EphA4 associates with the Rap-specific GTPase-activating protein SPAR Eph receptors use several cytoplasmic regions to interact with signaling proteins and transduce intracellular signals (Pasquale, 2005; Egea and Klein, 2007) . We were interested in identifying novel signaling interactions that may be important in the regulation of neuronal morphology downstream of EphA4. A potential site of interaction that has not been well characterized for EphA4 is its C-terminal PDZ-binding motif (Torres et al., 1998; Buchert et al., 1999) . To identify PDZ domain proteins that may interact with EphA4, we performed GST pull-down assays using the PDZ domains of several candidate proteins known to be expressed in neurons. In pull-down assays using lysates from HEK 293T cells transiently transfected with EphA4, we detected a strong binding preference of EphA4 for the PDZ domain of the Rap-specific GTPase-activating protein SPAR (Fig. 1 A) . Further experiments showed that the SPAR PDZ domain preferentially binds to EphA4 among a number of EphA and EphB receptors examined (Fig. 1 B) . We also performed the reverse pull-down assays using GST fusion proteins containing the C-terminal tails of EphA receptors known to be expressed in neurons and lysates of HEK 293T cells transiently transfected with SPAR. These experiments revealed that the C termini of EphA4 and EphA6, but not those of EphA5 and EphA7, interact strongly with SPAR. Furthermore, inactivation of the EphA4 PDZ-binding motif by mutation of the C-terminal hydrophobic valine (Sheng and Sala, 2001 ) prevented efficient binding of SPAR (Fig. 1C) . These results suggest that EphA4 can bind SPAR through a PDZ domain-mediated interaction.
We further investigated this interaction and found that endogenous EphA4 and SPAR coimmunoprecipitated from freshly prepared hippocampal slices treated with ephrin-A1 Fc (Fig. 2 A) . The specificity of the SPAR antibodies was verified as shown in supplemental Figure 1 A (available at www.jneurosci.org as supplemental material). Furthermore, EphA4 and SPAR also coimmunoprecipitated from cotransfected HEK 293T cells (Fig. 2C) . Consistent with the GST pull-down assays showing an interaction of EphA4 with the PDZ domain of SPAR, EphA4 failed to coimmunoprecipitate with a SPAR mutant lacking the PDZ domain (⌬PDZ) (Fig. 2 B, C) . Furthermore, an EphA4 mutant lacking the PDZ domain-binding site (⌬MVPV) did not coimmunoprecipitate with wild-type SPAR (wtSPAR) (Fig. 2 D, E) . In contrast, mutations inactivating the GTPase-activating domain of SPAR (GAPmut) (Fig. 2 B, C) or the kinase domain of EphA4 (K653R) (Fig. 2 D, F ) did not affect the interaction between the two cotransfected proteins. Thus, EphA4-SPAR association does ) and PSD-95 and glial fibrillary acidic protein (GFAP) were detected as controls; actin detection shows equal loading. C, HT22 neuronal cells were stimulated with preclustered ephrin-A1 Fc (A1 Fc) or Fc control for 7.5 min. GTP-bound Rap1 or Rap2 were isolated by pull-down with GST-RalGDS RBD and detected by immunoblotting. To verify EphA4 activation by ephrin, EphA4 immunoprecipitates were probed with anti-phosphotyrosine antibodies (P-Tyr) and reprobed for EphA4. For quantification, the levels of Rap1-GTP or Rap2-GTP (determined as the optical density of scanned autoradiographs) were normalized to the Rap protein levels detected in the lysates (Total Rap). The histogram shows the average levels of Rap1-GTP and Rap2-GTP from four experiments Ϯ SE, expressed as a percentage of the levels after Fc treatment. ***p Ͻ 0.001 for the comparison of ephrin-A1 Fc-treated with Fc-treated by two-way ANOVA and Bonferroni posttest. D, Freshly prepared hippocampal slices from wild-type mice and EphA4 knock-out littermates were stimulated with ephrin-A1 Fc or Fc control for 60 min and GTP-bound Rap2 was isolated by pull-down and quantified as described in C. The histogram shows the average levels of Rap2-GTP from four independent experiments Ϯ SE. ***p Ͻ 0.001 by two-way ANOVA and Bonferroni posttest.
not require EphA4 phosphorylation. Whether ephrin-A1 Fcdependent EphA4 dimerization or conformational changes promote interaction with endogenously expressed SPAR remains to be determined. These data demonstrate that EphA4 associates with SPAR, that the interaction is mediated by the C-terminal PDZ-binding motif of EphA4 and the PDZ domain of SPAR, and that ephrin stimulation enhances the interaction between endogenous EphA4 and SPAR.
Ephrin-A stimulation causes inactivation of Rap1 and Rap2 in neuronal cells
Consistent with a functional connection between EphA4 and SPAR, ephrin-A1 Fc treatment of HT22 cells, which are derived from immortalized hippocampal neurons (Li et al., 1997) , resulted in tyrosine phosphorylation of SPAR (Fig. 3A) . The phosphorylation was dependent on the presence of the PDZ domain of SPAR (Fig. 3A) , suggesting that a physical association with EphA4 is required for SPAR phosphorylation. Because SPAR is a GTPase-activating protein for Rap1 and Rap2 (Pak et al., 2001) , we examined whether EphA4 stimulation by ephrin affects activation of these Rap GTPases in HT22 cells, which express endogenous SPAR (Fig. 3B) . Pulldown assays with a GST fusion protein of the Rap-binding domain of RalGDS to isolate active, GTP-bound Rap1 and Rap2 (Franke et al., 1997) demonstrated that ephrin-A1 Fc treatment decreases activation of both GTPases (to 36% of Fc control levels for Rap1 and to 57% of control levels for Rap2) (Fig. 3C ). Rap1 inactivation appeared to be more sensitive to ephrin-A1 stimulation because a decrease in Rap1-GTP was observed even with ephrin concentrations as low as 0.25 g/ml, whereas we did not detect Rap2 inactivation with ephrin concentrations lower than 1.5 g/ml (data not shown).
We also found that ephrin-A1 Fc stimulation substantially decreased Rap2 activation (to 43% of Fc control levels) in hippocampal slices, concomitant with increased EphA4 tyrosine phosphorylation (Fig. 3D) . Similar results were obtained with ephrin-A3 Fc stimulation (data not shown). Importantly, ephrin-A1 Fc did not cause Rap2 inactivation in hippocampal slices obtained from EphA4 knock-out mice (Fig. 3D) indicating that EphA4 is the main EphA receptor that downregulates Rap2 activation in the hippocampus. Although Rap1 is well expressed in the hippocampus, we could not detect sufficient levels of active Rap1 in control or ephrin-A1 Fc-treated slices under the conditions of our assay (data not shown), suggesting that overall basal Rap1 activation is low. This likely represents the level of Rap1 activation in glial cells, which are much more numerous than neurons and also express Rap1 (Fig.  3B) . These results show that ephrin-A stimulation results in the inactivation of Rap GTPases in cultured neuronal cell lines and in the hippocampus.
SPAR mediates Rap1 and Rap2 inactivation downstream of EphA4
To investigate the involvement of SPAR in Rap GTPase inactivation downstream of EphA4, we transfected HT22 cells with wildtype or mutant SPAR. Given the low transfection efficiencies in these cells, we also cotransfected HA-tagged Rap1 or Myc-tagged Rap2 to allow analysis of Rap activity preferentially in the cells also expressing transfected SPAR. Overexpression of SPAR containing a functional GAP domain caused substantial inactivation of cotransfected Rap1 and Rap2 (blots in Fig. 4 A, B , wtSPAR and ⌬PDZ, Fc treatment), as previously shown for other Rap GTPaseactivating proteins (Tsukamoto et al., 1999; Shimonaka et al., 2003; McLeod et al., 2004) . Nevertheless, ephrin-A1 Fc stimulation still significantly decreased Rap1 and Rap2 activation in cells expressing wild-type SPAR (Fig. 4 A, B, histograms) , whereas Rap inactivation was blocked in cells expressing SPAR with an active GAP domain but lacking the PDZ domain (Fig. 4 A, B , histogram). On the other hand, expression of SPAR with an inactive GAP domain increased the levels of GTP-bound Rap1 and Rap2, suggesting that this dominant-negative SPAR mutant (Pak et al., 2001 ) inhibits the basal activity of endogenous SPAR (blots in Fig. 2 B) or HA-Rap1 and pSuper siRNA vector targeting SPAR (pSuper siRNA) or luciferase as a control (pSuper ctrl) (C). The transfected cells were stimulated with preclustered ephrin-A1 Fc (A1 Fc) or Fc control for 8 min. Active Rap1 and Rap2 were isolated by pull-down with GST-RalGDS RBD and detected by immunoblotting with antibodies against the HA or Myc tag. Total HA-Rap1, Myc-Rap2, endogenous SPAR, and ␤-actin were detected by immunoblotting cell lysates. The levels of each GTP-bound Rap protein were normalized to the corresponding levels of total Rap protein in the lysates. The histograms show the average levels of HA-Rap1-GTP from three experiments and of Myc-Rap2-GTP from five experiments Ϯ SE expressed as a percentage of the levels after Fc treatment of similarly transfected cells. Statistical significance was determined by a two-way ANOVA and Bonferroni posttest. *p Ͻ 0.05; ***p Ͻ 0.001 for the comparison between ephrin-A1 Fc-treated and Fc-treated. Fig. 4 A, B, GAPmut, Fc treatment) . The SPAR GAP mutant also blocked Rap inactivation after ephrin-A1 Fc stimulation (Fig. 4 A, B, histograms) . SPAR siRNAmediated knock down also increased the basal level of Rap1 activation and inhibited Rap1 inactivation by ephrin-A1 Fc (Fig. 4C) . These data indicate that SPAR mediates Rap1 and Rap2 inactivation downstream of EphA4 and that ephrindependent upregulation of SPAR GAP activity requires a physical interaction between EphA4 and SPAR.
SPAR mediates ephrin-A-dependent growth cone collapse
Rap1, Rap2, SPAR, and EphA4 were all found to be expressed in cultured hippocampal neurons (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material), consistent with previous reports (Pak et al., 2001; Fu et al., 2007b) . Interestingly, SPAR became detectable only 8 h after plating, suggesting that its expression is upregulated concomitant with the extension of neuronal processes (supplemental Fig. 1 B, available at www. jneurosci.org as supplemental material). EphA4, SPAR, and Rap immunoreactivities were also all detectable in the growth cones of hippocampal neurons (supplemental Fig. 1C , available at www. jneurosci.org as supplemental material). To determine whether SPAR plays a role in the growth cone collapse that occurs when cultured hippocampal neurons are stimulated with ephrin-A1 Fc, we cotransfected SPAR constructs together with EGFP to mark the transfected neurons. After 2 d in culture, the neurons were stimulated with ephrin-A1 Fc and immunostained for ␣-tubulin and F-actin to visualize growth cones. The transfected dominant-negative SPAR GAP mutant but not wild-type SPAR inhibited ephrin-A1 Fc-induced growth cone collapse (collapsed growth cones: in control-transfected neurons 25.8 Ϯ 3.0% for Fc vs 65.0 Ϯ 2.7% for ephrin-A1 Fc, p Ͻ 0.001; in wtSPAR-transfected neurons 21.7 Ϯ 1.0% for Fc vs 50.8 Ϯ 1.6% for ephrin-A1 Fc, p Ͻ 0.001; in SPAR GAPmut-transfected neurons 13.1 Ϯ 1.6% for Fc vs 19.6 Ϯ 0.03% for ephrin-A1 Fc, p Ͼ 0.05) (Fig. 5 A, B) . This result suggests that SPAR GAP activity is required for ephrin-A-dependent growth cone collapse.
We also transfected the isolated SPAR PDZ domain to uncouple EphA4 from SPAR. This inhibited Rap1 inactivation in HT22 cells (Fig. 5C ) and growth cone collapse in neurons treated with ephrin-A1 Fc (collapsed growth cones: in control-transfected neurons 37.0 Ϯ 4.3% for Fc versus 72.5 Ϯ 3.5% for ephrin-A1 Fc, p Ͻ 0.001; in neurons transfected with the SPAR PDZ domain 21.4 Ϯ 1.9% for Fc vs 30.3 Ϯ 1.6% for ephrin-A1 Fc, p Ͼ 0.05) (Fig. 5 D, E) , supporting the importance of a physical interaction between EphA4 and SPAR for downstream Rap inactivation and growth cone collapse.
Rap1 but not Rap2 inactivation is required for ephrin-Adependent growth cone collapse
The finding that SPAR mutants inhibit Rap inactivation and growth cone collapse in response to ephrin-A1 suggested a role for Rap1 and/or Rap2 inactivation in growth cone collapse downstream of EphA4. We were interested in discriminating the roles of these two GTPases in growth cone collapse. However, dominant-negative S17N mutants of the individual GTPases were not useful because transfection of each of these mutants caused inactivation of endogenous Rap1 as well as Rap2 (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). RNAi knock-down was not attempted because there are two Rap1 and three Rap2 genes. The GTPase-activating protein Rap1GAP has been shown to preferentially inactivate Rap1 in in vitro assays (Rubinfeld et al., 1991) . However, in our hands transfected Rap1GAP caused extensive inactivation of both Rap1 and Rap2 (supplemental Fig.  2 B, available at www.jneurosci.org as supplemental material). To overcome these difficulties, we used constitutively active forms of the two proteins, Rap1 G12V and Rap2 Q63E (supplemental Fig. 2C , available at www.jneurosci.org as supplemental material) (Kitayama et al., 1990; Kelley et al., 2004) , to separately examine the effects of Rap1 and Rap2.
Transfection of hippocampal neurons showed that constitutively active Rap1 abrogates ephrin-A1 Fc-dependent growth cone collapse (collapsed growth cones: in control-transfected neurons 25.6 Ϯ 5.5% for Fc versus 79.5 Ϯ 10.9% for ephrin-A1 Fc, p Ͻ 0.001; in RapG12V-transfected neurons 18.2 Ϯ 1.8% for Fc versus 31.3 Ϯ 0.9% for ephrin-A1 Fc, p Ͼ 0.05) (Fig.  6 A, C) . In contrast, growth cones transfected with wild-type Rap1, which can be inactivated by GTPase-activating proteins, underwent significant collapse in response to ephrin-A1 Fc (collapsed growth cones: in wtRap-transfected neurons 33.8 Ϯ 3.4% for Fc vs 57.8 Ϯ 2.6% for ephrin-A1 Fc, p Ͻ 0.05). Growth cone collapse still occurred in neurons transfected with constitutively active Rap2 Q63E (collapsed growth cones: in control-transfected neurons 37.0 Ϯ 4.3% for Fc vs 72.0 Ϯ 3.5% for ephrin-A1 Fc, p Ͻ 0.001; in wtRap2-transfected neurons 36.6 Ϯ 1.6% for Fc vs 70.6 Ϯ 1.6% for ephrin-A1 Fc, p Ͻ 0.001; in Rap2 Q63E-transfected neurons 54.6 Ϯ 0.9% for Fc versus 88.4 Ϯ 5.7% for ephrin-A1 Fc, p Ͻ 0.001) (Fig. 6 B, D) . These data indicate that inactivation of Rap1, but not Rap2, is required for growth cone collapse caused by ephrin-A stimulation, suggesting that Rap1 and Rap2 have different functions in axon guidance.
Rap1 and Rap2 have different effects on neuronal morphology
To further investigate possible differences in the biological activities of Rap1 and Rap2 in neurons, we examined the effects of constitutively active Rap constructs on growth cone size and dendritic spine morphology. Interestingly, Rap1 G12V caused a pronounced increase in the area of axonal growth cones when compared with wildtype Rap1 and vector control (growth cone area: 49.8 Ϯ 3.7 m 2 for control; 38.6 Ϯ 2.6 m 2 for wtRap1; 70.7 Ϯ 4.4 m 2 for Rap1 G12V) (Fig. 7) . On the other hand, growth cones from neurons transfected with Rap2 Q63E were smaller than control-transfected growth cones (growth cone area: 45.0 Ϯ 2.6 m 2 for control; 37.5 Ϯ 2.9 m 2 for wtRap2; 26.2 Ϯ 1.9 m 2 for Rap2 Q63E) (Fig. 7) . In contrast to these opposite effects on growth cone size (enlargement by active Rap1 and reduced size by active Rap2), axon length was not significantly changed by either constitutively active Rap1 or Rap2 (data not shown). Rap1, Rap2, SPAR, and EphA4 are all present in brain synaptosomal preparations, including the postsynaptic density fraction (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material) (Husi et al., 2000; Pak et al., 2001; Grunwald et al., 2004; Xie et al., 2005) , suggesting that the EphA4-SPAR signaling pathway could also function in dendritic spines. Because overexpression of constitutively active Rap1 Q63E was previously shown to induce spine elongation without affecting spine density (Xie et al., 2005) , we examined the effects of constitutively active Rap2 Q63E on dendritic spines. Primary hippocampal neurons cultured for 10 d were transfected with Rap2 constructs together with EGFP. At 21 d in culture, neurons expressing wild-type Rap2 and constitutively active Rap2 had significantly shorter spines than neurons transfected with control empty vector (spine length: 1.15 Ϯ 0.02 m for control; 0.99 Ϯ 0.01 m for wtRap2; 0.72 Ϯ 0.02 m for Rap2 Q63E) (supplemental Fig. 3 B, C , available at www.jneurosci.org as supplemental material). The width of dendritic spines transfected with the Rap2 constructs was slightly decreased when compared with controltransfected neurons (spine width: 0.57 Ϯ 0.01 m for control; 0.50 Ϯ 0.01 m for wtRap2; 0.47 Ϯ 0.01 m for Rap2 Q63E). Constitutively active Rap2, but not wildtype Rap2, also decreased spine density (6.3 Ϯ 0.37 spines/10 m for control; 5.7 Ϯ 0.33 spines/10 m for wtRap2; 3.2 Ϯ 0.25 spines/10 m for Rap2 Q63E) (supplemental Fig. 3 B, C , available at www. jneurosci.org as supplemental material) as previously reported (Fu et al., 2007b) . These effects of Rap2 suggest that Rap1 and Rap2 have distinct effects not only on growth cone morphology but also on dendritic spine morphology and density.
Rap1 but not Rap2 inactivation is required for ephrin-Adependent downregulation of integrin-mediated adhesion in neuronal cells
The effects of Rap1 and Rap2 on growth cone size and ephrininduced growth cone collapse suggest that these GTPases may differentially affect integrin-mediated cell adhesion of hippocampal neurons. We recently reported that ephrin-A treatment inhibits ␤1 integrin activity in HT22 cells and that inactivation of ␤1 integrins is required for reduction of dendritic spine length and density downstream of EphA4 in hippocampal neurons (Bourgin et al., 2007) . Because GTP-bound Rap1 is well known to promote integrin-mediated adhesion in non-neuronal cells (Caron, 2003; Stork, 2003; Bos, 2005) , Rap1 inactivation by SPAR may play a role in the downregulation of integrin function downstream of EphA4. Indeed, we found that transfection of constitutively active Rap1 G12V blocked the negative effects of ephrin-A3 Fc on HT22 cell attachment to the integrin ligand fibronectin (Fig. 8 A) . In contrast, a significant decrease in cell attachment after ephrin-A3 Fc stimulation was still observed in cells transfected with constitutively active Rap2 Q63E, although the decrease in cell attachment was less pronounced compared with control-transfected cells (Fig. 8 B) . Together, our data indicate that inactivation of Rap1 and not Rap2 is required for EphA4-dependent decrease in integrin-mediated adhesion in neurons.
Discussion
We have identified a novel EphA receptor signaling pathway that couples EphA4 with the regulation of the small GTPases, Rap1 and Rap2 (Fig. 8C) . This signaling pathway depends on an interaction of the C terminus of EphA4 with the PDZ domain of the Rap GTPase-activating protein, SPAR. We found that ephrin stimulation plays a key role in SPAR-dependent Rap1 inactiva- tion and that this signaling is important for growth cone collapse and downregulating integrin-mediated adhesion. We also demonstrated that Rap1 and Rap2 have differential effects on neuronal morphology and signaling downstream of EphA4. These results provide novel insight into signaling mechanisms that may be critical for neural circuitry formation and maintenance.
SPAR, also known as E6TP1 (E6-targeted protein 1) and SPA1L1 (SpaI-like protein 1) (Deguchi et al., 1998; Gao et al., 1999; Roy et al., 2002) , is the first protein found to interact with the PDZ domain-binding motifs of EphA4 and EphA6. Although other EphA receptors have been reported to associate with PDZ domain-containing proteins, the functional significance of these interactions is not yet known (Torres et al., 1998; Buchert et al., 1999) . Associations mediated by the PDZ domain-binding motifs of EphB receptors (the other class of Eph receptors) have been shown to regulate Eph receptor trafficking and clustering in dendrites, dendrite morphogenesis, and glutamatergic synaptogenesis (Torres et al., 1998; Hoogenraad et al., 2005; Kayser et al., 2006) . It will be interesting to examine whether SPAR may link EphA4 to actin filaments through its actin-binding domain 1 (Act1) and Act2 actin-binding domains and to PSD-95 through its guanylate kinase-binding domain (Pak et al., 2001) , in addition to promoting Rap inactivation.
Our data show that EphA4 is a physiological upstream regulator of SPAR. Interaction with ligand-activated EphA4 promotes SPAR-dependent inactivation of Rap1 and Rap2 concomitant with elevation of SPAR tyrosine phosphorylation. Phosphorylation may regulate SPAR activity, because changes in SPAR phosphorylation have also been observed after NMDA receptor activation (Roy et al., 2002) . Furthermore, tyrosine phosphorylation is known to modulate the function of other GTPase-activating proteins (Park and Jove, 1993; Roof et al., 2000) . The similarities in the morphological effects of EphA4 and SPAR on dendritic spines are consistent with a function of these two proteins in a common signaling pathway. For example, hippocampal pyramidal neurons transfected with an EphA4 kinase inactive mutant and pyramidal neurons from EphA4 knock-out mice have elongated dendritic spines (Murai et al., 2003) . Similarly, SPAR degradation induced by SNK (serum-inducible kinase) and SPAR inactivation achieved by transfection of the dominant-negative GAP domain mutant result in spine elongation (Pak et al., 2001; Pak and Sheng, 2003) . Furthermore, activation of EphA4 and transfection of active SPAR lacking the Act2 actin-binding domain both cause spine shortening. Thus, both EphA4 kinase activity and SPAR GAP activity suppress dendritic spine elongation. EphA4 signaling and SPAR transfection also decrease spine density. Furthermore, we found that transfection of dominant-negative SPAR with an inactive GAP domain or uncoupling of EphA4 and SPAR by the overexpressed SPAR PDZ domain abrogate ephrin-A-induced growth cone collapse in hippocampal neurons, suggesting a role for this pathway in axon guidance.
SPAR-mediated inactivation of Rap1 likely contributes to the morphological changes induced by EphA4 signaling in neurons, as indicated by our results showing that expression of constitutively active Rap1 G12V blocks the growth cone collapsing and integrin inactivating effects of ephrin-A ligands. Consistent with a role for Rap1 in mediating the morphological effects of Eph receptors, stimulation of EphB2 with ephrin-B1 Fc has also been recently shown to inactivate Rap1 in colon carcinoma cell lines, leading to retraction of the cell periphery and cell detachment (Riedl et al., 2005) . These morphological changes were abrogated by transfection of constitutively active Rap1 G12V, but the mechanism of Rap1 inactivation was not defined. It will be interesting to determine whether SPAR and the two other GTPase-activating proteins of the same family, SPAL2 and SPAL3 (Roy et al., 2002) , may link different EphA and EphB receptors to Rap1 and Rap2 inactivation in different cell types. In brain neuroepithelial cells and aortic endothelial cells, Eph receptors have instead been reported to activate Rap1 leading to neuronal differentiation and cell spreading, respectively (Nagashima et al., 2002; Aoki et al., 2004) . Thus, Eph receptors might also regulate Rap1 activity through different mechanisms depending on the cellular context and the Eph receptor involved.
Rap1 is well known to promote neuronal differentiation and neurite outgrowth (York et al., 1998; Yamada et al., 2005) and has been recently implicated in the depolarization-induced growth of cortical dendrites (Chen et al., 2005) and activity-dependent dendritic spine remodeling (Xie et al., 2005) . Furthermore, Rap1B has been shown to play a critical role in axon specification in hippocampal neurons (Schwamborn and Puschel, 2004) . A role for Rap1 in growth cone spreading has not been previously reported, but is consistent with the known role of Rap1 in promoting integrin-mediated adhesion, actin polymerization, and cell spreading (Ohba et al., 2001; Stork, 2003; Enserink et al., 2004; Bos, 2005) . Our data suggest that Rap1 inactivation decreases integrin-mediated adhesion downstream of EphA4 in neuronal cells. We also recently reported that EphA4 regulates dendritic spine morphology by influencing integrin activity (Bourgin et al., 2007) . That growth cones and dendritic spines use some of the same mechanisms for remodeling is not surprising, given the importance of cell adhesion and the actin cytoskeleton for the architecture of both structures. Thus, we propose a model where decreased integrin activity through SPAR-mediated Rap1 inactivation contributes to ephrin-A-dependent growth cone collapse and decreased dendritic spine length and density (Fig.  8C) . However, inactivation of Rap1 (and Rap2) may not be sufficient for the effects of EphA4 on spine structural plasticity because transfection of Rap1GAP did not cause dendritic spine shortening and loss, at least in cortical neurons (Xie et al., 2005) . Similarly, transfection of Rap1GAP was not sufficient to mimic the cell retraction and detachment effects of ephrin-B1 in colon cancer cells (Riedl et al., 2005) .
Our results suggest that Rap2 inactivation does not have as critical a role as Rap1 in ephrin-A-dependent growth cone collapse and inhibition of integrin activity in neuronal cells. Furthermore, we found that constitutively active Rap2 decreases growth cone size and dendritic spine length and density, whereas constitutively active Rap1 increases growth cone size (Fig. 7 ) and spine length (Xie et al., 2005) . The dissimilar morphological effects of Rap1 and Rap2 on growth cones and dendritic spines are surprising because these two GTPases are closely related (ϳ60% amino acid identity), share a number of the same regulators, and have some analogous functions (Ohba et al., 2000 (Ohba et al., , 2001 Zhu et al., 2002 Zhu et al., , 2005 McLeod et al., 2004; Fu et al., 2007b) . However, one of the amino acids in the effector domain is different between Rap1 and Rap2 (Caron, 2003) , and some effectors may selectively mediate Rap1 or Rap2 signals. For example, Rap1-dependent spine elongation in hippocampal neurons requires the scaffolding protein AF6, which preferentially interacts with Rap1 over Rap2 and may selectively link Rap1 to regulators of the actin cytoskeleton (Boettner et al., 2000; Xie et al., 2005) . Active Rap1 has also been shown to influence the subcellular localization of Rac and Rho regulatory proteins, leading to localized cell spreading and the formation of cell protrusions (Arthur et al., 2004; Yamada et al., 2005) , consistent with positive effects of Rap1 on growth cone and dendritic spine size. On the other hand, Rap2 but not Rap1 interacts with TNIK (Traf2-and Nck-interacting kinase), a kinase expressed in the brain Taira et al., 2004; Zhu et al., 2005) . Binding of activated Rap2 enhances the ability of TNIK to decrease F-actin levels and inhibit cell spreading. Such effects are consistent with the decreased size of growth cones and dendritic spines that we have observed in neurons transfected with constitutively active Rap2. Whether the direct association of Rap2 with actin filaments (Torti et al., 1999) may also influence its effects on neuronal morphology remains to be determined.
In addition to affecting neuronal morphology, inactivation of Rap1 and Rap2 downstream of EphA4 and SPAR would be expected to enhance synaptic transmission, because Rap1 and Rap2 have been shown to drive the removal of synaptic AMPA receptors that underlies long-term depression (LTD) and depotentiation, respectively (Zhu et al., 2002 (Zhu et al., , 2005 Fu et al., 2007b ). It will be interesting to determine whether EphA4-dependent Rap inactivation is responsible for the long-term potentiation-like effects observed after stimulation of hippocampal slices with an ephrin-A Fc ligand (Gao et al., 1998) .
The novel EphA4 -SPAR-Rap1 pathway that we have identified likely acts in concert with other Ras and Rho pathways that are also activated downstream of EphA receptors to sculpt neuronal morphology and control the establishment and remodeling of neuronal connections Sahin et al., 2005; Beg et al., 2007; Fu et al., 2007a; Iwasato et al., 2007; Wegmeyer et al., 2007) . Because SPAR is a ubiquitously expressed protein and part of a family of three related proteins, the Eph-SPAR signaling connection may operate widely to regulate adhesion and morphology of many cell types through control over the different activities of Rap1 and Rap2.
